High frequency fields, refracted by a geometry containing a Wood lens placed at a certain distance from a planar uniaxial interface, are derived by using Maslov's method. The geometrical optics approximation generally valid for high frequency fields fails in the vicinity of a caustic. Maslov's method is a systematic procedure for predicting the field in the caustic region, combining the simplicity of the ray and the generality of the transform method. Numerical computations are made for the field pattern around the caustic by using Maslov's method. The results are found to be in good agreement with those obtained using Kirchhoff's approximation. 42.15.Dq, 42.15.Eq, 42.30.Kq, 42.25Gy 
Introduction
The analysis of reflection and transmission of electromagnetic waves at a planar interface separating two media becomes very complicated when one or both of the media become uniaxially anisotropic. The source of the complication can be found in mode coupling. Mode coupling takes place because an incident plane wave produces both ordinary and extraordinary transmitted waves. Mode coupling can be avoided only by choosing special orientations of the optical axis with respect to the interface normal or the direction of propagation of the incident plane wave. and its relation to other asymptotic ray theory methods have been discussed by Ziolkowski and Dechamps [17] . Hongo and co-workers applied Maslov's method to derive the high frequency solutions for field distribution by a phase transformer, a cylindrical reflector, a spherical reflector antenna, a dielectric spherical lens, and a spherical dielectric interface, and the radiation characteristics of plano-convex lens antennae [18] [19] [20] [21] [22] [23] [24] . Aziz et al. utilized Maslov's method to study the two dimensional Cassegrain system and Gregorian system [24, 25] . Ghaffar et al. extended the work to three dimensional Cassegrain and Gregorian systems [26, 27] . Radiation characteristics of the inhomogeneous slab, and study of focusing of a field refracted by a plano-convex lens into a uniaxial crystal were studied [28] [29] [30] [31] . Ashraf et al. recently used the method to find fields in the focal space of a symmetrical hyperbolic focusing lens [32] . In the present discussion, we have derived the field refracted by a Wood lens which is placed at a certain distance from a planar uniaxial interface, by using Maslov's method. The transmitted fields may be expressed as superpositions of two rays: an ordinary ray and an extraordinary ray. One of the two rays, known as the ordinary ray, satisfies Snell's law of refraction, and study of its propagation is the same as for an isotropic medium. The second ray is called an extraordinary ray and doesn't satisfy Snell's law of refraction. Study of propagation of the extraordinary ray is more difficult. It is important to have an accurate description of the propagation of rays in anisotropic media. We have considered the special case in which the incident field is a transverse magnetic plane wave polarized in the xz plane, which is the plane of incidence, and the optical axis of the crystal is in the plane of incidence. This is a special orientation to avoid mode coupling. We have studied the focusing of an extraordinary plane wave into a uniaxial crystal. It is found that Huygens-Kirchhoff's integral and Maslov's method are of comparable accuracy.
Hamilton's equation and solution
Consider the distribution of permittivity given by the following expression
where is the constant. Hamilton's equations for the medium described by Equation (1) are given by
3) It is of interest to determine the solution of Hamilton's equations in the medium defined by (1).
Derivation of the field expression for Wood lens
Consider the geometry as shown in Figure 1 . It contains a Wood lens placed apart from a uniaxial crystal interface. The crystal has been assumed to be LiNbO3 with µ=1, σ = 0, = 2 300 and = 2 208, and its optical axis has been assumed to be in the direction. The front face of the Wood lens is placed at = 0, while the rear face is placed at = L. The thickness of the lens is L. The uniaxial crystal occupies the half space ≥ 0 . It is assumed that the uniaxial crystal occupying the half space ≥ 0 has principle permittivities ( ), and permeability µ 2 . The region L < < 0 has constitutive parameters ( 1 µ 1 ). An electromagnetic plane wave polarized in the direction and propagating in the direction is incident on the Wood lens. After passing through the Wood lens, the ray is refracted through a plane interface of the uniaxial crystal. The Cartesian coordinates of refraction point at the rear face (ξ 1 η 1 ζ 1 ), and the components of the associated wave vector are given by
1 is the arc length of the ray for the region occupying the Wood lens, and 0 = ξ 2 + η 2 . In Equation (4), (ξ η ζ) are the Cartesian coordinates of the refraction point of the front face of the Wood lens. The wave refracted by the Wood lens hits the uniaxial crystal interface. The electromagnetic field that is incident on the plane interface is a TM field. Due to this incidence, the TE as ordinary wave and TM as extraordinary wave are excited inside the uniaxial crystal half space. There is no coupling between the TE and TM waves [3] . The ray vector of the refracted wave into the uniaxial crystal may be obtained as [3] 
where is the ordinary refractive index of the crystal, and the component may be written as
where χ is a measure of anisotropy in the uniaxial crystal and is given by
In Equation (5), the superscript et means "extraordinary transmitted". The angle θ is the angle made by the optical axis with the -axis. The Cartesian coordinates of the ray at the front surface of the uniaxial crystal are given by 
where signifies the arc length of the ray after refraction into the uniaxial crystal. The GO solution is given by
where
is the Jacobian of the coordinate transformation; for detailed calculations of the Jacobian, see Appendix A. Ψ 0 is the phase difference between the front and rear faces of the Wood lens. The GO field contains a singularity at the focal point. Using Maslov's method, our interest is to find the uniform field expression valid in the focal region. The uniform expression which is valid in the focal region is given by
Z (ξ 1 η 1 ) is the initial value at the rear face of the lens. The phase Ψ 2 ( ( 1 1 ) is determined in Appendix B. In equation (9) , quantities in square brackets are determined as ∂(
Therefore, we have the result:
Transforming the integration variables ( 
where J 0 is the Bessel function of zeroth order and is the radius of the lens. T ( 0 ) and other related parameters are given by 
and θ 2 and θ 2 are the angles of incidence and refraction of the ray at the rear face of the lens. The direction of the optical axis in the uniaxial crystal along the unit vectorˆ is given bŷ = sin θ cos φi + sin θ sin φi + cos θi The transmission coefficients may be obtained [5] [6] [7] [8] by
Comparison to the HuygensKirchhoff's expression
To verify the validity of the uniform expression which is valid near the caustic, we compare the numerical results with those computed from the Huygens-Kirchhoff's radiation integral given by
where Φ is the field distribution at the front face of the uniaxial crystal and cos γ is the inclination angle behind the lens.
The above Equation (4) can be written as
Integration with respect to δ can be performed by using an integral representation of the Bessel function, resulting in
Results and discussion
Field patterns around the caustic of a Wood lens are determined using Equations (11) and (14) . Integrals in these equations have been solved numerically using the Gauss quadrature method. Figure 2 shows the field patterns computed by Maslov's method and Huygens-Kirchhoff's integral along the -axis, around the caustic region. It is assumed that L = 1 8, = 2 25, β = 0 2, and θ = 0
• . The results are in good agreement. It is difficult to determine which method provides more a precise solution, but each method gives a similar order of accuracy. Figure 3 shows a comparison of two situations, one dealing with an isotropic medium and the other dealing with a uniaxial crystal with optical axis making angles at θ = 0
• . The comparison in Figure 3 shows that the maximum intensities are indeed the same, as expected, but the focus in the crystal is shifted towards the interface compared to the focus in the isotropic medium. The crystal can be replaced by an isotropic medium by putting = = 1. Figure 4 shows a comparison of the field distribution with respect to the optical axis along the − and -axis. • . Figure 7 shows the variation of field intensity at different orientations of the optical axis, again at θ = 0
• . It is shown that the focal area for a negative uniaxial crystal is displaced in the and directions as the angle θ is increased from θ = 0
• . If we continue to increase the angle θ, we will obtain a maximum displacement of the focal area when θ = 45
If the angle θ is monotonically increased above θ = 45
• , then the displacement of the focal area will be monotonically reduced until the displacement in the direction vanishes when θ approaches θ = 90
• . Throughout the discussion, for the uniaxial crystal case, we have used LiNbO 3 , which has an ordinary refractive index of = 2 208 and an extraordinary refractive index of = 2 300. The distance between the rear face of the Wood lens and the front face of the uniaxial crystal is 1 = 7 from the planar uniaxial interface. Appendix A: Expression for Jacobian 
